
Scale-free and scale-dependent modes of energy release dynamics

in the nighttime magnetosphere

V. M. Uritsky,1 E. Donovan,1 A. J. Klimas,2 and E. Spanswick1

Received 7 August 2008; revised 3 September 2008; accepted 19 September 2008; published 1 November 2008.

[1] Based on a spatiotemporal analysis of POLAR UVI
images, we show for the first time that energy, power, area and
lifetime probability distributions of electron precipitation
events in the nighttime auroral oval have a significant
latitudinal dependence. The low-latitude group of the events
contains a distinct subpopulation of strong auroral
disturbances violating the uniform power-law behavior
reported in previous publications, while the high latitude
group is described by nearly perfect power-law statistics
over the entire range of scales studied, in agreement with
earlier findings. The results obtained indicate that the inner
and outer portions of the plasma sheet may be characterized
by substantially different scaling regimes of bursty energy
dissipation suggestive of different universality classes and/or
driving conditions associated with multiscale turbulence in
these regions. Citation: Uritsky, V. M., E. Donovan, A. J.

Klimas, and E. Spanswick (2008), Scale-free and scale-dependent

modes of energy release dynamics in the nighttime

magnetosphere, Geophys. Res. Lett., 35, L21101, doi:10.1029/

2008GL035625.

1. Introduction

[2] The activity of the nighttime auroral oval represents a
wide range of dynamical processes in the magnetotail,
including substorm expansion onsets, pseudobreakups,
steady magnetospheric convection events with or without
substorms, bursty bulk flows, sawtooth events, and other
phenomena [see, e.g., Zesta et al., 2000; Lui, 2001; Frey et
al., 2004; Henderson et al., 2006]. Despite the diversity of
physical conditions associated with each particular type of
auroral activity, their net energy output can be approximate-
ly described by a set of universal power-laws [Lui et al.,
2000; Lui, 2002; Uritsky et al., 2003, 2002, 2006] signaling
the existence of an organizing dynamical principle arrang-
ing intermittent magnetospheric dissipation across vast
ranges of spatial and temporal scales.
[3] Power-law intermittency of energy dissipation has

attracted significant attention in modern statistical mechan-
ics [see Dhar, 2006, and references therein] and is often
considered a hallmark of turbulent and/or critical phenom-
ena with no characteristic scales other than those dictated by
the finite size of the system [Sreenivasan et al., 2004;
Lubeck, 2004]. Examples of such behavior in geo- and
space sciences include fully developed turbulence in hydro-

dynamic or magnetized flows [Lazarian, 2006], Guttenberg-
Richter statistics of earthquake magnitudes [Turcotte, 1989],
scale-invariance in the solar corona [Charbonneau et al.,
2001]. In this context, auroral activity provides one of the
most impressive examples of scale-free behavior in nature.
The energy distribution of electron emission regions exhib-
its a power-law shape over a range of 6 orders of magnitude
[Uritsky et al., 2002]) which can be extended to up to 11
orders by combining satellite data with ground-based TV
observations [Kozelov et al., 2004].
[4] The auroral emission statistics reported so far repre-

sent global long-term properties of nighttimemagnetospheric
disturbances. The fact that these properties are dominated
by power-law scaling does not eliminate the possibility of a
more complex behavior on the level of specific plasma sheet
phenomena described by drastically different physical con-
ditions and geometry.
[5] In this study, we are taking a step toward a better

understanding of the relationship between the auroral pre-
cipitation statistics and the underlying conditions in the
central plasma sheet (CPS). The results obtained suggest
that the inner and the outer CPS regions are responsible for
two distinct scaling modes of energy release dynamics – an
essentially scale-free dynamics in the outer CPS, and a more
complicated, scale-dependent dissipation in the inner CPS.
These results indicate the necessity of a new generation of
models of bursty dissipation in the auroral zone incorporat-
ing two or more universality classes of the underlying
turbulent dynamics.

2. Data and Algorithm

[6] We have studied time series of digital images of
nighttime northern aurora (55–80 MLat, 2000–0400 MLT)
taken by the Ultraviolet Imager (UVI) onboard the POLAR
spacecraft in the 165.5 to 174.5 nm portion of the Lyman-
Birge-Hopfield spectral band (integration time 36.5 s, time
resolution 184 s). The data analyzed include 16,000 images
covering two observation periods: 01/01/1997–02/28/1997
and 01/01/1998–02/28/1998. Our analysis was based on
spatiotemporal tracking of auroral emission events [Uritsky
et al., 2002, 2003]. The UV luminosity w(t, r) was studied
as a function of time t and position r on the image plane.
First, active auroral regions were identified by applying an
activity threshold wa representing a background UV flux.
Contiguous spatial regions with w(r, t) > wa were treated as
pieces of evolving events. Second, by checking for overlap
of common pixels between each pair of consecutive UVI
frames, we constructed a set of spatiotemporal integration
domains Li(i = 1, ..,N) corresponding to each of N
individual emission events found by our method. These
domains of contiguous activity in space and time were used
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to compute the lifetime, Ti, the energy, Ei = k
R
Li
w(r, t) drdt,

the peak power,Wi = kmax
t
(
R
Li tð Þ w(r, t) dr), as well the peak

area, Ai = max
t

(
R
Li tð Þ dr) of every event, where k = 2.74 �

10�8 J � photon�1 [Brittnacher et al., 1997] and the integrals
were numerically approximated by sums. The statistics
reported below are for the threshold wa = 10 photons �
cm�2 � s�1. Their main features remain the same if the
threshold is varied at least within the range 5 to 15 photons �
cm�2 � s�1.
[7] The auroral onset positions of each event were

estimated with an error of about 300 km in either spatial
direction. We organized the data by the magnetic latitude of
the event onset in order to compare the precipitation
dynamics that likely originate in the inner CPS relative to
dynamics that likely originate in the outer CPS. The
populations of the emission events coming from different
MLAT ranges were characterized by sets of probability
density distributions p(x), where x 2 {E, W, A, T}. The
shape of the distributions was quantified by power-law
exponents tx evaluated using linear regression fitting on the
log-log scale, with the subscript indicating the variable
under study.

3. Results and Discussion

[8] Figure 1 shows basic statistical features of the entire
group (n = 7481) of the emission events detected by our
spatiotemporal technique. The probability distribution of the
event magnetic latitude (Figure 1, top) has a sharp peak at
�66� MLAT. In the subsequent discussion, the events that
initiate to the left and to the right of this peak are denoted
respectively as low-latitude (LL) and high-latitude (HL)
events. We note that the distribution in Figure 1 includes all
possible types of precipitation activity in the studied auroral

sector and is not to be directly compared with substorm
onset distributions. Figure 1 (bottom) shows the emission
energy E as a function of event latitude. Both plots have an
asymmetric shape suggesting different statistics for the LL
and HL events. We have found that these statistical subsets

Figure 1. (top) Probability distribution of latitudinal
locations of the auroral emission events as defined in the
text. (bottom) Scatterplot of emission energies E versus
MLAT. The high-latitude (HL) and the low-latitude (LL)
events contribute to two distinct scaling regimes of the
emission dynamics as shown in Figure 2. The dashed
horizontal line marks the position of the energy distribution
crossover in Figure 2.

Figure 2. Probability distributions of energy E, peak power
W, lifetime T, and peak area A of auroral emission events
belonging to HL (crosses) and LL (stars) populations. The
low-latitude distributions are shifted downward for easier
comparison. The dotted lines show the log-log distribution
slopes for small- and large-scale LL events measured to the
left and to the right of the dashed vertical lines marking the
crossovers, as well as for the entire HL population.
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are characterized by significantly different regimes of
scaling behavior.
[9] Figure 2 shows probability distributions for LL and

HL events. The HL population exhibits stable power-law
distributions of emission energy E, peak emission power W,
lifetime T and peak area A with low regression errors (see
Table 1). These power-law behaviors involve both small
auroral activations and large events whose energy output lie
in the range of global substorms according to Carbary et al.
[2000].
[10] The LL events have more complicated statistical

properties, as could be expected from the energy scatterplot
in Figure 1. The distribution functions of these events
demonstrate a distinct crossover behavior involving small-
scale regions described by distribution exponents which are
significantly greater than the corresponding exponents of
HL events, as well as large-scale regions where the slopes
are significantly shallower. The position of the energy
crossover E � 3 � 1012 J in the p(E) distribution is in
agreement with the data gap in Figure 1 (bottom) separating
low- and high-energy LL events.
[11] Figure 3 provides further insight into the latitudinal

behavior of the scaling exponents. Here, the entire range of
magnetic latitudes covered by our analysis was divided into
four subranges, each containing roughly the same number
of data points. In each latitudinal subrange, the exponents
were evaluated both below and above the distribution
crossovers. It can be seen that at low latitudes, the large-
and small-scale exponents are significantly different. How-
ever, as the latitude increases, this difference tends to be less
and less significant. For three out of four emission param-
eters (W, T and A), the distribution exponent values below
and above the crossover become statistically indistinguish-
able at MLAT 	 67�. This analysis indicates that the
emission dynamics undergoes a gradual transition from
scale-dependent to scale-free modes with the increase of the
event latitude, possibly reflecting mapping variability in
different magnetotail configurations.
[12] The mean values and standard errors of the scaling

exponents as well as the approximate positions of the
distribution crossovers are summarized in Table 1. The error
analysis confirms that the scaling behaviors of the LL and
LH events are described by substantially different sets of tx
values.
[13] According to our estimates, about 2/3 of the detected

emission events contribute to the scale-free HL population.

The HL exponents are quite close to the values obtained
earlier for the same observation period without filtering the
activity by the event location [Uritsky et al., 2002, 2003].
Therefore, in the statistical sense, the scale-free mode
dominates the behavior of the nighttime auroral oval. On the
other hand, despite its lower relative occurrence, the scale-
dependent LL activity plays a prevailing role in the energy
budget of the nighttime electron aurora. Indeed, the total
precipitation energy Etot =

P
Ei released by these events

approaches 70 percent of the overall energy. Interestingly, a
substantial portion of this energy can be ascribed to auroral
breakups which initiate in the equatorward part of the
auroral zone.
[14] Table 2 contains several additional parameters reflect-

ing the state of the solar wind and the auroral magneto-
sphere at the beginnings of emission events. The data show
that the LL events are characterized by significantly higher
statistical values of solar wind dynamic pressure and elec-

Table 1. Power-Law Distribution Exponents of High-Latitude and

Low-Latitude Emission Eventsa

HL LL(s) LL(l) C

p(E) 1.57 ± 0.02
(n = 5204)

1.83 ± 0.04
(n = 2242)

1.04 ± 0.12
(n = 35)

3 � 1012 J

p(W) 1.81 ± 0.02
(n = 5204)

2.16 ± 0.09
(n = 2219)

1.32 ± 0.14
(n = 58)

1 � 109 W

p(T) 2.30 ± 0.11
(n = 5204)

3.21 ± 0.33
(n = 2232)

1.26 ± 0.44
(n = 45)

2 � 103 s

p(A) 1.87 ± 0.05
(n = 5204)

2.11 ± 0.16
(n = 2208)

1.09 ± 0.14
(n = 69)

2 � 105 km2

aThe approximate value of the crossover C is given for each distribution.
HL is high-latitude emission events, LL is low-latitude emission events, s is
small-scale portion, and l is large-scale portion of the LL distributions in
Figure 2.

Figure 3. Large-scale (solid lines) and small-scale (dot-
dashed lines) probability distribution exponents for several
latitudinal subranges. Vertical bars show standard linear
regression errors for each measurement. Note that the
differences between the large- and small-scale exponents
decrease as the MLAT increases.

Table 2. Average Values of the Event Magnetic Latitude, Total

Emission Energy, Solar Wind Dynamic Pressure, Auroral Electro-

jet Index, and the Magnetotail Index Proxy for the Two

Populations of the Emission Eventsa

HL LL (all)

Event MLAT, deg 69.06 ± 0.03 63.58 ± 0.05
Etot, J � 1015 4.3 ± 1.6 7.7 ± 2.5
Pd, nPa 2.54 ± 0.02 2.76 ± 0.03
AE, nT 135 ± 2 228 ± 4
MT index, deg 63.68 ± 0.02 63.12 ± 0.03

aEtot is total emission energy, Pd is solar wind dynamic pressure, AE is
the auroral electrojet index, and MT index is the magnetotail index proxy
[Gvozdevsky and Sergeev, 1995].
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trojet index as compared to the HL population. Also, the LL
events seem to appear in a more stretched magnetotail
configuration as reflected by the lower value of the mag-
netotail (MT) index proxy [Gvozdevsky and Sergeev, 1995]
based on hourly AE index and solar wind dynamic pressure
values. It should be added that any statistical relationship
such as the ones used for computing this proxy strongly
underestimates the magnetic field stretching near the time of
the substorm onset, meaning that the real MT index of large-
scale LL events should be even smaller.
[15] On the whole, the data suggest that the scale-depen-

dent mode of auroral precipitation dynamics is associated
with a more unstable state of the CPS (higher geomagnetic
activity level, stronger solar wind driving, less dipolar
magnetic field) as compared to the scale-free mode.
[16] Judging by their average MLAT location, the HL

events should mainly initiate in the outer CPS region. The
energy conversion in this region is believed to be dominated
by magnetic reconnection [Birn and Hones, 1981]. The
power-law emission exponents that we have found in this
region are rather close to the exponents from a driven
current sheet simulation [Klimas et al., 2004] consistent
with multiscale turbulent reconnection being the source of
scale-invariance in the outer CPS dynamics. This agreement
supports the conjecture that the near-Earth (midtail)
reconnection is a turbulent bursty process with no well-
defined dissipation scales. However, strong precipitation
events in the high-latitude region are known to involve
considerable field-aligned acceleration in the upper iono-
sphere, and the statistics of the HL population can be
strongly modulated by this process. This influence requires
careful analysis which is beyond the scope of this study.
[17] The substorm-scale LL events are likely to be

produced in the inner part of the plasma sheet which is
not a region that favors magnetic reconnection. However,
this region can be prone to current disruption which offers
an alternate mechanism for energy release in the inner tail
[Lui, 2000]. The small-scale LL events can be attributed to
mostly diffuse auroral forms at the latitudes below the
proton isotropic boundary and are therefore generated in the
inner magnetosphere.
[18] Our main new result concerns the low-latitude auro-

ral region, where two different populations, small-scale
emission events with unusually steep distributions slopes
and rare high-energy events with much shallower slopes
were detected. The high-latitude emission events are found
to follow broad-band power-law statistics with no charac-
teristic scales.
[19] The existence of two or more scaling regimes within

the same physical system may signal the presence of several
distinct universality classes (UC) responsible for the ob-
served turbulent dynamics [Lubeck, 2004; Dhar, 2006]. It is
known that many stochastic scale-invariant phenomena can
be mapped onto a finite collection of such classes.
Typically, each UC brings its own set of critical exponents
which express its inherent set of relevant variables and the
underlying symmetries (dynamic invariants) [BenHur and
Biham, 1996] Our results suggest that although the energy
release dynamics in the magnetosphere is predominantly
scale-free, it can not be accurately described in terms of a
single UC as was proposed before [see, e.g., Chapman et
al., 1999; Uritsky and Pudovkin, 1998; Consolini, 2002],

and involves a substantially more complicated interplay
between a variety of dissipation mechanisms in the CPS
modulated by the solar wind driver and the magnetosphere-
ionosphere coupling.
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